[1] A field campaign was carried out in September-November 2010 near the summit of Mt. Tai Mo Shan in Hong Kong. Isoprene, methyl vinyl ketone (MVK) and methacrolein (MAC) were measured. The average isoprene mixing ratio was 109 pptv, and the average MAC and MVK levels were 68 pptv and 164 pptv, respectively. The average daytime levels of isoprene (149 AE 20 pptv, average AE 95% confidence interval, p < 0.01), MAC (70 AE 9 pptv, p < 0.01) and MVK (169 AE 22 pptv, p < 0.1) were significantly higher than the average nighttime values (20 AE 5 pptv, 49 AE 8 pptv and 139 AE 25 pptv, respectively). The relationship between MVK and MAC indicated that nearby isoprene oxidation dominated their daytime abundances, while NO 3 chemistry and regional transport of anthropogenic sources from inland Pearl River Delta region could explain the higher MVK to MAC ratios at night. [isoprene] found that the isoprene photochemical ages were between 10 and 64 min. Regression analysis of total O 3 (O 3 + NO 2 ) versus MVK resulted in an estimated contribution of isoprene oxidation to ozone production of 12.5%, consistent with the simulated contribution of 10-11% by an observation-based model.
Introduction
[2] Volatile organic compounds (VOCs) are emitted in substantial quantities from both biogenic and anthropogenic sources [Guenther et al., 1995; Olivier et al., 1996] . These emissions have a major influence on the chemistry of the lower atmosphere, the oxidizing capacity of the atmosphere, visibility degradation, and consequently on the global climate [Lacis et al., 1990; Crutzen, 1995; Saunders et al., 2003] . It is estimated that about 80% of the global annual emissions of VOCs are associated with emissions from vegetation [Warneck, 2000] . Furthermore, the reactivity of biogenic VOCs (BVOCs) is estimated to be two to three times that of anthropogenic VOCs (AVOCs) [Carter and Atkinson, 1996; Carter, 1996; Atkinson, 1997] . Thus, even at lower concentrations than AVOCs, BVOCs can have a significant impact on air quality. BVOCs contribute to tropospheric ozone (O 3 ) and secondary particle formation via photo-oxidation in the presence of nitrogen oxides (NO x ) and sunlight [National Research Council, 1991] . The impact of BVOCs on O 3 and secondary particle formation becomes more prominent in hot seasons, when both photochemical activity and BVOC emissions are at a maximum. Therefore, photochemical oxidation of BVOCs has important implications for local and regional air quality, the greenhouse effect including ozone formation, acid production, and global climate change [Intergovernmental Panel on Climate Change, 1992] .
[3] Isoprene, of biogenic origin, is of particular interest because it appears to have the largest significance among the BVOCs for boundary layer O 3 formation [Carter and Atkinson, 1996; Carter, 1996; Atkinson, 1997; Guenther, 2008] . In the atmosphere isoprene reacts mainly with O 3 , OH and NO 3 radicals, with the subsequent production/ regeneration of O 3 and photochemical oxidants. The major intermediate products generated from isoprene oxidation are methyl vinyl ketone (MVK) and methacrolein (MAC). Table 1 shows the key rate constants for isoprene, MVK and MAC. Although measurements of isoprene provide useful information regarding the potential for isoprene to contribute to O 3 production, concentration-time profiles of its oxidation products MVK and MAC provide a more direct measure of the actual rate of oxidation of isoprene, and subsequently its contribution to O 3 production . Hence, in order to better understand the role that isoprene plays in the atmosphere, it is important to explore the relationship among isoprene and its photochemical products.
[4] A number of chamber studies have been carried out to examine the isoprene oxidation cycle [Myoshi et al., 1994; Carter and Atkinson, 1996; Iannone et al., 2009; Navarro et al., 2011] . However, during daytime the evolution of isoprene chemistry in the real atmosphere is conceptually different from chamber experiments in that there is a continuous supply of isoprene [Karl et al., 2009 ]. As such, field studies are essential to understanding isoprene chemistry. Indeed, many field studies have been conducted during the past two decades to study isoprene photochemistry in the world [Yokouchi, 1994; Starn et al., 1998a; Apel et al., 2002; Dreyfus et al., 2002; Spaulding et al., 2003; Roberts et al., 2006; Karl et al., 2009; Jones et al., 2011; Park et al., 2011] . These studies provide useful information about the isoprene oxidation mechanisms, and in particular, help to determine the conditions under which it is useful to control VOCs (e.g. VOC-limited environments) and the conditions under which this will have little effect [Apel et al., 2002] . However, this kind of information is lacking in subtropical Hong Kong where the air quality is significantly affected by local emissions and regional transport [Guo et al., 2009; Jiang et al., 2010] .
[5] Therefore a field measurement study of main air pollutants such as NO x , O 3 , PM 2.5 , particle number concentrations, VOCs, carbonyl compounds, and meteorological data was carried out between 6 September and 29 November, 2010, near the summit and at the foot of Mt. Tai Mo Shan in Hong Kong. As a part of the project, a variety of anthropogenic and biogenic VOCs including isoprene, MVK and MAC were measured on 20 specifically selected days at the sites during the 3-month period. In this study, our focus was measurements from the summit of the mountain. The temporal variations of isoprene and its photochemical products were investigated; the relationship between isoprene and its photochemical products were explored, as was the relationship between the photochemical products; and the contribution of isoprene to the O 3 production was evaluated. Therefore the overall objective of this work is to better understand the isoprene oxidation mechanism in subtropical Hong Kong.
Experimental Setup

Site Description
[6] Mt. Tai Mo Shan (TMS) is the highest mountain in Hong Kong ((elevation = 957 m, see Figure 1 ). Enveloping this massif is 1440 hectares of natural territory (AFCD, http://www.afcd.gov.hk). There are forest plantations in the southeastern part of the mountain. The forest is mainly composed of Acacia confusa, Lophotemon confertus, Machilus chekiangensis and Schima superba, which are weak isoprene emitters [Baker et al., 2005; Leung et al., 2010] . Limited by climatic and geographic factors, these plantations end at the 550 m contour, above which shrubs and grasses dominate (AFCD, http://www.afcd.gov.hk). Surrounding the foot of the mountain are urban centers with a population of 2.23 million. The straight distances between the mountain summit and the urban centers at the foot are about 5-10 km. Farther to the south are the urban centers of the partial New Territory, Kowloon peninsula and Hong Kong Island. To the southwest is the newly-developed residential area of Tung Chung, the international airport and the South China Sea. To the west are the Tuen Mun residential areas and to the south is the South China Sea. To the north and northeast are the city clusters of the inland Pearl River Delta (PRD) region. The distance to the nearest city i.e. Shenzhen is only 15 km. Due to prevailing north/northeast synoptic winds in September-November, polluted air from inland PRD often reaches the sampling site. In addition, because of its unique topography, mountain-valley breezes and sea-land breezes are frequently observed at TMS. These mesoscale circulations enhance the interaction of polluted urban air and the mountain air. The sampling site was set on the rooftop of a building at the waist of TMS (22.405 N, 114.118 E; 640 m a.s.l.). Kwok et al. [1996] . Figure 1 . Location of the sampling sites, Hong Kong. Tai Mo Shan (TMS) site is near the summit of the mountain and Tsuen Wan (TW) site is at the foot of the mountain. through a 5 m long perfluoroalkoxy (PFA) Teflon tube (OD: 12.7 mm; ID: 9.6 mm). The sampling tube inlet was located 2 m above the rooftop of the building. The other end of the sampling tube was connected to a PFA manifold with a bypass pump drawing air at a rate of 5 L min À1 . The intake of the O 3 , CO and NO-NO 2 -NO x analyzers was connected to the manifold.
[8] Ozone was measured using a commercial UV photometric instrument (Advanced Pollution Instrumentation (API), model 400E) that has a detection limit of 0.6 ppbv. The analyzer was calibrated by a transfer standard (TEI 49PS) prior to the field studies. Sulfur dioxide was measured by a pulsed UV fluorescence (API, model 100E) with a detection limit of 0.4 ppbv and 2-s precision of 0.5% for ambient levels of 50 ppbv (2-min average). To address the challenges of background and low level CO monitoring, a gas filter correlation trace level CO analyzer was used (API, Model 300EU). Using a gas filter correlation wheel, a high energy infrared source alternatively passes through a CO filled chamber and a chamber with no CO present. The light path then travels through the sample cell. The energy loss through the sample cell is compared with the zero reference provided by the gas filter to produce a signal proportional to concentration. Oxides of nitrogen were measured with an API-Teledyne Model 200e analyzer, utilizing chemiluminescence and configured by the manufacturer to report data with 20-s time resolution. The analyzer has a detection limit of 0.4 ppbv. The Model 200E is a single chamber, single photomultiplier tube design which cycles between the NO, NO x , and zero modes. The addition of the zero mode provides excellent long term stability and low minimum detectable limits. However, the NO x measurement by chemiluminescent method has potential interference from nitric acid, PAN and other atmospheric nitrates.
[9] The analyzers were calibrated daily by injecting scrubbed ambient air (TEI, Model 111) and a span gas mixture. A NIST-traceable standard (Scott-Marrin, Inc.) containing 156.5 ppmv carbon monoxide (CO) (AE2%), 15.64 ppmv SO 2 (AE2%), and 15.55 ppmv NO (AE2%) was diluted using a dynamic calibrator (Environics, Inc., Model 6100). A data logger (Environmental Systems Corporation, Model 8832) was used to control the calibrations and to collect data, which were averaged to 1-min values.
[10] In addition to the above chemical measurements, several meteorological parameters including temperature, solar radiation, wind speed and wind direction were monitored by an integrated sensor suite (Vantage Pro TM & Vantage Pro 2 Plus TM Weather Stations, Davis Instruments).
Sampling and Analysis of VOCs
[11] VOC samples were collected on selected non-O 3 episode (i.e. 28 Sept., 02, 08, 14, 18-19, 27-28 Oct., 20-21 Nov., 2010) [12] After sampling, the whole air samples were returned to the laboratory at UCI for chemical analysis. Although we reported only isoprene, MVK and MAC here, 73 VOC species were quantified in this project. It is noteworthy that international intercomparison experiments have demonstrated that the analytical procedures in the UCI's lab consistently yield accurate identification of a wide range of unknown hydrocarbons and produces excellent quantitative results [e.g., Apel et al., 1999 Apel et al., , 2003 Karl et al., 2007] . One example is the Tropical Forest and Fire Emissions Experiment (TROFFEE) in the Amazon basin, in which isoprene samples collected in canisters during the research flights were compared with the online proton transfer reaction mass spectrometry (PTRMS) measurements [Karl et al., 2007] . Excellent agreement between these two methods was shown (PTR-MS/GC-FID: 1.13, R 2 = 0.96), suggesting minimal interference due to the presence of other VOCs. The canister method was also compared with sorbent cartridges in Kuhn et al. [2007] . Reasonable agreement was achieved for isoprene mixing ratios derived by cartridges analyzed with GC-FID and canister samples (slope = 1.04, R 2 = 0.62).
[13] The analytical systems are described as follows [Colman et al., 2001; Simpson et al., 2010] . The whole system included multicolumn gas chromatography. The first HP-6890 (GC-1) contained two columns. The first column was a J&W DB-5 (30 m; i.d., 0.25 mm; film ,1 mm) connected in series to a RESTEK 1701 (5 m; i.d., 0.25 mm; film, 0.5 mm), which was output to an ECD detector. The DB-5/RESTEK 1701 union helped to resolve halocarbon and organic nitrate species that have similar polarity through higher retention of the nitrate species. The second column was a DB-5 ms (60 m; i.d., 0.25 mm; film, 0.5 mm), which was output to an MSD detector (HP-5973). The DB-5/ RESTEK 1701 received 6.84% of the total carrier flow, and the DB-5 ms received 10.10%. The second HP-6890 (GC-2) contained a J&W DB-1 column (60 m; i.d., 0.32 mm; film, 1 mm) output to an FID detector. This column received 15.10% of the flow. The third HP-6890 (GC-3) contained a J&W GS-Alumina PLOT column (30 m,; i.d., 0.53 mm) connected in series to a DB-1 (5 m; i.d., 0.53 mm; film, 1 mm), which was output to a FID detector, and a RESTEK 1701 (60 m; i.d., 0.25 mm; film, 0.50 mm), which was output to an ECD detector. The PLOT/DB-1 union helped to reduce signal spikes from PLOT column bleed and tightened up the CO 2 peak width. The GS-Alumina PLOT column received 60.80% of the flow, and the RESTEK 1701 received the remaining 7.16%. The oven parameters employed for each GC can be found in Colman et al. [2001] . Liquid nitrogen was used to achieve subambient initial temperatures.
Quality Control and Assurance for VOCs
[14] Before sampling, all canisters were cleaned at least five times by repeatedly filling and evacuating them with humidified pure nitrogen gas. In order to check whether there was any contamination in the canister, we filled the evacuated canisters with pure N 2 and stored them in the laboratory for at least 24 hours. These canisters were then checked by the same VOC analytical method to ensure that all the target compounds were not found or were under the method detection limit. In addition, duplicate samples were regularly collected to check the precision and reliability of the sampling and analytical methods.
[15] The quantification of target VOCs was accomplished using multi-point external calibration curves, using a combination of National Bureau of Standards, Scott Specialty Gases (absolute accuracy estimated to be within AE5%) and UCI-made standards. Calibration was an ongoing process whereby new standards were referenced to older certified standards, with appropriate checks for stability and with regular interlaboratory comparisons. Multiple standards were used during sample analysis, including working standards (analyzed every four samples) and absolute standards (analyzed twice daily). The measurement precision, accuracy and detection limits of the VOCs varied by compound and were periodically quantified for each species during the sampling period. Detailed procedures are described in Simpson et al. [2010 Simpson et al. [ , 2011 . Briefly, the measurement precision for the alkanes, alkenes (including isoprene) and alkynes is 3%, 5% for aromatics, and 30% for MVK and MAC. The measurement accuracy for alkanes, alkenes, alkynes and aromatics is 5%, and 20% for MVK and MAC. The limit of detection is 3 pptv for the non-methane hydrocarbons (NMHCs) including isoprene, and 5 pptv for MVK and MAC. It is worth noting that a strong correlation between MVK and MAC (R 2 = 0.87) in our previous study enhanced our confidence in the data quality in this study, as both studies used the same analytical and quality control procedures and the concentration ranges of MVK and MAC were similar.
Results and Discussion
Temporal Variations of Isoprene, MVK and MAC 3.1.1. Day-to-Day Variations
[16] Figure 2 shows time series plots for isoprene, MVK and MAC measurements obtained during the study. In addition, time series of O 3 and temperature are also given. Large day-to-day variations were observed for isoprene, MAC and MVK. The average isoprene level during the entire sampling period was 109 pptv (2-517 pptv), and the average MAC and MVK mixing ratios were 68 pptv with a range of 8-1056 pptv and 164 pptv ranging from 27-1171 pptv, respectively. There was a clear decrease in both isoprene abundance and ambient temperature starting on 27 October ( p < 0.001). Interestingly, this cooler period (i.e. 27 October-20 November) had more O 3 -episode days, which was discussed in detail in H. Guo et al. (Characterization of photochemical pollution at different elevations in mountainous areas in southern China, submitted to Atmospheric Chemistry and Physics, 2012). In particular, from 2 to 19 November, MVK values increased substantially, probably caused by anthropogenic sources since MAC and isoprene were seemingly unaffected, and higher MVK mixing ratios than isoprene were often observed. More detailed discussion on the potential anthropogenic sources is given in Section 3.1.3. Indeed, the average isoprene mixing ratio on non-O 3 episode days (150 AE 29 pptv) (average AE 95% confidence interval) was much higher than that on O 3 episode days (78 AE 15 pptv, p < 0.01), whereas the average MVK value on non-O 3 episode days (136 AE 17 pptv) was lower than that on O 3 episode days (186 AE 32 pptv, p < 0.01), indicating that isoprene might be destroyed more rapidly and more MVK was produced on O 3 episode days when photochemical reactions were stronger, and/or that isoprene emissions were lower and transport of MVK from anthropogenic sources to the mountain site increased MVK levels on O 3 episode days. The latter was likely true as the temperature was substantially lower on the majority of the O 3 episode days (16.6 AE 0.3 C vs. 19.7 AE 0.6 C; p < 0.001), which would have a significant impact on the ambient levels of isoprene measured. The positive correlation between isoprene mixing ratio and temperature found in next section (i.e. Section 3.1.2) was evidence.
[17] The isoprene level in this study is similar to that (maximum concentration: 98 pptv) observed in summer above a boreal coniferous forest in Central Finland where low isoprene emitting trees were observed [Hakola et al., 2003] , the level (average: 146 AE 38 pptv) found in autumn 2002 in rural Hong Kong [Wang et al., 2005] , and the values (40-280 pptv) measured in spring at rural sites in the inland PRD region [Tang et al., 2007] . However, the isoprene mixing ratio in this study is lower than that observed in autumn at an urban site in Hong Kong (average: 271 AE 52 pptv) [Guo et al., 2009] , in summer at rural and urban sites in Hong Kong (1028 AE 25 pptv and 1333 AE 21 pptv, respectively) [Chen et al., 2010] , and in 2000-2001 at three sites in Hong Kong (300, 430 and 460 pptv, respectively) [So and Wang, 2004] . It is also lower than the summer observations (maximum value: 5.3 ppbv) in the Lower Fraser Valley, Canada, which contained substantial vegetation in the form of deciduous and coniferous trees as well as agricultural crops , at a rural forested site (daytime median: 1.96 AE 0.26 ppbv) in Michigan where the dominant isoprene source was Populous tremuloides [Apel et al., 2002] , and in a South-East Asian tropical rainforest (daytime average: $1ppbv) [Jones et al., 2011] . The different isoprene levels among the different locations in different seasons and years are related to the vegetation types, temperature, light flux, and other meteorological parameters. More detailed discussion on the low isoprene levels found at the study site is given in section 3.1.2.
[18] The average MAC and MVK mixing ratios in this study are consistent with those reported by Apel et al. [2002] (daytime median: 60 AE 20 pptv and 100 AE 20 pptv, respectively) and Hakola et al. [2003] (10-180 pptv and 10-460 pptv, respectively), and are lower than those found by (maximum value: 1000 pptv and 2000 pptv, respectively). Apel et al. [2002] found that the MAC and MVK levels in temperate Michigan were determined by the isoprene oxidation, whereas both isoprene oxidation and vehicular emissions affected the MAC and MVK levels at a boreal coniferous forest [Hakola et al., 2003] and in the Lower Fraser Valley in Canada .
Diurnal Variations
[19] The diurnal behaviors of VOCs are affected by a number of chemical and meteorological factors. Figure 3 shows the average diurnal patterns of isoprene, MAC and MVK. It is evident that isoprene mixing ratios increased steadily commencing at 7 a.m., reaching a maximum level in early afternoon, and then gradually decreased to low levels at night, which remained until 7 a.m. of the next day. The higher isoprene mixing ratios in the daytime indicated that isoprene was being produced more rapidly than it was being destroyed from the time it was emitted to the time it was detected. The average daytime levels of isoprene (149 AE 20 pptv; two-tail t-test: p < 0.01), MAC (70 AE 9 pptv; two-tail t-test: p < 0.01) and MVK (169 AE 22 pptv; two-tail t test: p < 0.1) were significantly higher than the average values at night (20 AE 5 pptv, 49 AE 8 pptv and 139 AE 25 pptv, respectively). The causes for much lower nighttime isoprene mixing ratios have been well addressed in literature [e.g., Cleveland and Yavitt, 1997; Hurst et al., 2001; Apel et al., 2002; Sillman et al., 2002] . The decreasing rate for MAC (30%) from daytime to nighttime was higher than that of MVK (18%), partly consistent with the fact that the reaction rate of MAC with nighttime NO 3 is faster than that of MVK with NO 3 (Table 1) . Interestingly, the nighttime MVK and MAC levels remained high, similar to the results obtained by Stroud et al. [2001] who claimed that nighttime chemical oxidation and/or deposition of these products was slow at the urban forested site, but much higher than the values in rural canopy studies of Montzka et al. [1993] , and Apel et al. [2002] . However, Karl et al. [2010] found that MVK and MAC can be deposited to vegetation fairly efficiently, dependent on stomatal conductance and surface wetness. In this study, due to the complex topography surrounding the site, it suggested that a combination of isoprene photochemistry nearby, regional transport of anthropogenic sources, mesoscale circulation, and nighttime deposition and chemistry played an important role in Figure 3 . Average diurnal patterns of (top) isoprene, (middle) MAC and (bottom) MVK during the study. Error bars represent the spread in measurements in terms of 95 percent confidence interval. the diurnal patterns of MAC and MVK. More detailed discussion is given in section 3.1.3.
[20] It is well documented that the diurnal profile of isoprene is generally attributed to an emission pathway dependent upon both solar radiation and temperature [Apel et al., 2002; Kuhn et al., 2002; Jones et al., 2011] . In this study, daytime isoprene was found to have some correlation with temperature (R 2 = 0.45) and a poor correlation with solar radiation (R 2 = 0.16, data not shown here) (Figure 4 ). The weak relationship between isoprene and temperature strongly indicated that isoprene chemistry dominated over isoprene emission rates as the driver of ambient abundances at the site. The poor correlation between isoprene and light suggests that there may be a time lag between when the isoprene was emitted (an upwind source) and when it was detected at the site. Moreover, changes in isoprene flux could vary rapidly with changes in light levels. Therefore quickly changing light conditions may not be reflected in the measured concentrations. However, temperature changes were considerably slower and more gradual and thus yielded a better correlation.
[21] To study isoprene oxidation and its importance in determining the observed levels of MAC and MVK, it is instructive to look at the diurnal trend in the MVK/MAC ratio [Stroud et al., 2001] . Figure 5 presents the daytime and nighttime MVK versus MAC scatterplots during the study. Samples with potential anthropogenic sources of MVK were not included in Figure 5 . Good correlations (R 2 = 0.59 and 0.67 for daytime and nighttime data, respectively) between MAC and MVK suggested their common source of isoprene oxidation at the site. As shown in the figure, the daytime ratio was 1.70 AE 0.12 (average AE standard error), consistent with the observations of many studies which showed a daytime ratio of $2 [Montzka et al., 1993; Yokouchi, 1994; Stroud et al., 2001; Apel et al., 2002; Hakola et al., 2003; Park et al., 2011] . However, this ratio had a slight increase (1.83 AE 0.17; two-tail t test: p = 0.04) at night at this mountain site, similar to the observations of , and much higher than that in other studies which found the nighttime ratio was about 1 [Montzka et al., 1993; Yokouchi, 1994; Stroud et al., 2001; Apel et al., 2002; Spaulding et al., 2003] . As measured in the lab by Carter and Atkinson [1996] , the daytime oxidation of isoprene by OH yields an MVK/MAC ratio of $1.4. The larger ratio observed in this study and previous studies than that predicted from lab studies was due to the fact that consumption of MAC via reaction with OH is faster than for MVK during daytime hours, and the reaction of isoprene with atomic chlorine (Cl) is considerably faster than the reactions of isoprene with OH and O 3 (Table 1) , yielding $14% MVK [Fan and Zhang, 2004] . Moreover, the higher daytime MVK/MAC ratios in this study could be also caused by the transport of MVK from anthropogenic sources in urban Hong Kong and/or neighbor cities in inland PRD to the sampling site, driven by mesoscale circulations and synoptic northerly winds, respectively. Indeed, chemical transport model simulation indicated the influence of mesoscale circulations and the predominance of synoptic northerly winds on the days when suspected anthropogenic MVK samples were observed (see Figure 2) . Detailed discussion on the mesoscale circulations is given in Guo et al. (submitted manuscript, 2012) .
[22] The nighttime ratio observed in this study was also higher than most other studies [Montzka et al., 1993; Yokouchi, 1994; Stroud et al., 2001; Apel et al., 2002; Spaulding et al., 2003] . NO 3 is a potentially important oxidant for nighttime chemical reactions. There was sufficient NO 2 and O 3 at night at this mountain site (Guo et al., submitted manuscript, 2012) . The preferential reaction of NO 3 with MAC compared to MVK (Table 1) would result in an increase in the MVK/MAC ratio. It is noteworthy that due to the fact that sparse plantations exist above 550 m elevation, one would expect that isoprene-poor air transport from mountain summit (957 m elevation) downhill past the TMS site (640 m elevation) at night. Consequently, isoprene chemistry could not be significant during the nighttime hours. However, regional transport of MVK-laden air could also affect the nighttime MVK/MAC ratio at the site due to subsidence at the mountaintop, followed by downslope drainage. Detailed discussion is provided in section 3.1.3.
[23] According to the isoprene oxidation mechanism and previous field measurement results, the daytime and nighttime MVK/MAC ratios are $2 and $1, respectively, if only isoprene oxidation dominates [Montzka et al., 1993; Stroud et al., 2001; Apel et al., 2002] . The daytime MVK/MAC ratio of 1.70 AE 0.12 in this study suggested the dominance of isoprene oxidation. However, as stated above, there were a few (n = 9) daytime samples with very high MVK values, indicating the interference of anthropogenic MVK sources to the isoprene oxidation. In contrast, about twice (1.83 AE 0.17) the theoretical nighttime MVK/MAC ratio ($1) found in this study did give some indication that there must be some influence on MVK and MAC other than isoprene oxidation at night. Except for some outliers (n = 3) with extremely high MVK values which were most likely attributed to anthropogenic sources, the higher nighttime MVK/MAC ratio in this study than the theoretical ratio was probably related to the NO 3 chemistry and regional transport of MVK-laden air, as described above. Moreover, it could be also possible that the deposition rate of MAC was faster than that of MVK, leading to higher than expected MVK/MAC ratios at night. However, these deposition rates are not well known and one would not expect them to differ greatly. 3.1.3. Influence of NO 3 Chemistry, Mesoscale Circulations and Regional Transport on Nighttime MVK and MAC
[24] It is well documented that OH radical is mainly responsible for the daytime isoprene chemistry while NO 3 becomes more important to the oxidation of isoprene, MAC and MVK at night [Carter and Atkinson, 1996; Starn et al., 1998b; Vrekoussis et al., 2007; Kim et al., 2011] . The NO 3 radicals are mainly formed via reaction NO 2 + O 3 → NO 3 + O 2 . In contrast, NO 3 radicals are removed by reactions in the gas phase with NO to form NO 2 , and with NO 2 to form N 2 O 5 , in addition to the reactions with NMHCs [Atkinson, 2000] . At this mountain site, the average nighttime (18:00-06:00 LST) NO 2 (i.e. 6.1 AE 0.3 ppbv, average AE 95% confidence interval) and O 3 mixing ratios were high (i.e. 53 AE 1 ppbv), implying it was more favorable to the NO 3 formation. The nighttime NO 3 level at the site could be simply estimated by running a Master Chemical Mechanism (MCM) model using the measured nighttime O 3 and NO x data. The simulation results showed the average nighttime NO 3 level was 11.3 AE 1.3 pptv, within the range found in the United States, and European continental and marine boundary layer [Geyer et al., 2001; Stroud et al., 2002; Vrekoussis et al., 2004 Vrekoussis et al., , 2007 . Hence, although the reaction rates of MAC and MVK with O 3 and NO 3 are low (Table 1) , the nighttime chemical processing of these species could be significant due to high NO 3 levels at the site, leading to high nighttime MVK/MAC ratios. In addition, the diurnal behaviors of MAC and MVK showed an initial increase or stable values just as the boundary layer became stable ($18:00 local time) because there was still some residual photochemistry in the evening with low light levels and a small boundary layer volume (Figure 3) . However, it ceased as night progressed and photochemistry was curtailed.
[25] Apart from the high nighttime MVK/MAC ratios potentially caused by the NO 3 chemistry and regional transport of MVK-laden air, high nighttime levels of MVK and MAC were also found during the sampling period. To identify the potential sources of these high MVK and/or MAC samples, we first looked at the possible association of nighttime air at the site with mesoscale circulations i.e. mountain-valley flows using the Weather Research and Forecasting (WRF) model. As mountain-valley breezes are very small scale weather phenomenon caused by thermal forcing, and there is very complex terrain in Hong Kong, considerably high model resolution is needed in order to capture these breezes. In this study, the mountain-valley breezes were simulated using a domain system of five nested grids (36, 12, 4, 1.333, and 0.444 km) . The domain with finest resolution (0.444 km grid) covers the Hong Kong region. The modeling focused on 16-18, 23 September, 23-24, 29-31 October, 1-3, 9, 12, and 19 November, 2010 , when evidence for the mesoscale circulation was clear based on the meteorological data and the levels of air pollutants (Figure 6 ). Although the model results showed a valley breeze in the daytime (09:00, LST) and a mountain breeze at night (23:00, LST), the mesoscale flows were weak. The northerly synoptic winds dominated both daytime and nighttime flows near the mountain site (i.e. TMS). The features suggested that the daytime levels of MAC and MVK at the TMS site could be affected by the air at the foot of the mountain, while the nighttime MAC and MVK values at the sampling site were mainly influenced by the air from the summit followed by downslope drainage. However, as stated earlier, the plantations ended at the 550 m contour, lower than the height of the sampling site (640 m), suggesting isoprene-poor air arriving at the sampling site at night. Hence, the high nighttime MAC and MVK levels were more related to anthropogenic sources.
[26] Initial analyses of wind roses for the sampling period found that air masses reaching the site at both daytime and nighttime hours were mainly from the north directions i.e. polluted inland PRD region (Figure 7) . To better understand the source origins of specific air masses, concentration ratios of SO 2 to NO x were analyzed for all nighttime samples with high levels of MVK and MAC (denoted as values larger than their average values i.e. 139 pptv for MVK and 49 pptv for MAC, and MVK/MAC > 2.84; in total 19 cases), as they can provide signatures of air masses arriving at the site. The SO 2 /NO x ratio was found to be 0.38 AE 0.05 ppbv/ppbv. Previous studies indicated that the air masses from PRD are laden with relatively abundant SO 2 while the air masses in Hong Kong have high NO x levels, and the SO 2 /NO x ratio for PRD air masses was 0.4-1.26 while it ranged from 0.12 to 0.29 for Hong Kong air masses [Zhang et al., 1998; Wang [27] Anthropogenic MVK and MAC were reported to be emitted from motor vehicles and industrial sources [Ingham et al., 1994; ; New Jersey Department of Health and Senior Services (NJDHSS), Park et al., 2011] . As such, correlation analyses of MVK with the combustion tracer ethene, and MAC with its precursor i-butene for the MVK-and MAC-laden air masses were conducted, respectively. Some correlations between ethene and MVK (R 2 = 0.38, p < 0.001), and between i-butene and MAC (R 2 = 0.45, p < 0.001) suggested the possible contribution of vehicular combustion to MVK and MAC at the site from inland PRD. Tracers with similar lifetimes to MVK and MAC were selected for correlation analyses to avoid the influence of reactivity variations on the observed correlations. In addition, industrial sources can directly emit MVK and MAC to the atmosphere since MVK is used in synthesis of plastics, steroids and vitamin A, and the primary use of MAC is in the manufacture of polymers and synthetic resins [NJDHSS, 2000 [NJDHSS, , 2001 . However, as other markers than MVK and MAC from pharmaceutical and chemical synthesis plants are unknown in the region, solid conclusion was unable to be drawn on the industrial sources in this study. Nevertheless, there are many petrochemical and pharmaceutical factories in the inland PRD region. Hence, the potential association between industrial sources in inland PRD and high level nighttime MAC and MVK at the site needs further investigation in the future.
Relationship Between Isoprene and Its Photochemical Products
[28] Since MVK and MAC are dominant first-generation reaction products from isoprene oxidation, a relationship is expected between mixing ratios of isoprene and these species as well as between the species themselves, if there are no other sources such as vehicular emissions (MVK/MAC ratio: $2) and industrial sources NJDHSS, 2000 NJDHSS, , 2001 . The scatterplots of daytime isoprene versus MVK and MAC (101 data points) are shown in Figure 8 . Clearly, the correlations of isoprene with MAC (R 2 = 0.24, p < 0.001) and MVK (R 2 = 0.19, p < 0.01) were poor. To eliminate the possible influence of low isoprene mixing ratios on the poor correlations, the lowest 10% of the isoprene data (i.e. 10 samples with the lowest isoprene levels) were removed and the correlations were re-analyzed. It was found the correlations were not improved (R 2 = 0.24 and 0.18 for MAC and MVK, respectively). Moreover, although we tried lagging the isoprene concentrations relative to the MAC and MVK, the correlations were also not improved (R 2 = 0.19 and 0.18, respectively). As isoprene levels are related to temperature and solar radiation, the correlations of its oxidation products i.e. ln(MAC) and ln(MVK) with temperature and light during daytime hours were also explored. Poor correlations (R 2 <0.26 and <0.07, respectively) were found. The lack of correlation between MVK and MAC with isoprene during daytime hours suggests that "local" isoprene was probably not responsible for most of the MVK and MAC. Since Figure 5 implied that isoprene oxidation was the primary source of MVK and MAC, it meant that upwind isoprene production was the primary source, i.e. isoprene that was emitted and mostly reacted away before reaching the sampling site. This was obvious as the emitting trees were further below on the mountain as described in the "sampling site" section. Moreover, the MVK/MAC ratio (1.70 AE 0.12) in this study was clearly indicative of a distant source but the lack of an even higher ratio also meant that the source was relatively nearby, or that the chemistry was relatively slow. Occasionally, anthropogenic emissions i.e. vehicular exhaust and/or industrial sources could lower the correlations between isoprene and its photochemical products. The poor correlations of isoprene with MAC and MVK found in this study are consistent with the observations of and Jones et al. [2011] during studies in western Canada and south-east Asia, respectively.
[29] The ratios of MAC/isoprene and MVK/isoprene yield useful information on the transport time (photochemical age) of isoprene in an air mass [Stroud et al., 2001; Apel et al., 2002] . Since the sampling site was at the upper boundary of dense plants and trees, isoprene mixing ratios should be dominated by upwind emissions from the lower part of the mountain (which had much higher isoprene concentrations) during the day, and high ratios would be expected. Based on the isoprene oxidation mechanism discussed by Carter and , and following the expression described by Stroud et al. [2001] for the time rate of change in MAC/ isoprene and MVK/isoprene ratios as a function of [OH] , the rate coefficients, and the time available for processing, it is possible to quantify the expected ratios and to compare them with actual data. Figure 9 shows the scatterplot of MVK/isoprene versus MAC/isoprene during the daytime hours (09:00-16:00 LST) for all data. Here, the average measured daytime OH mixing ratio was assumed to be 8 Â 10 6 molecules cm À3 , obtained in a rural area, about 60 km NW of Guangzhou in the PRD [Hofzumahaus et al., 2009] . It is noteworthy that this methodology assumes that no fresh emissions of the parent compound i.e. isoprene are introduced or isoprene emissions are constant during the process, and the expression is purely chemical and does not include any mixing processes which might influence the observed ratio during transport. It can be seen that the measured data fit the predicted line well, though more of the measured data were above the predicted line, consistent with the observations of Stroud et al. [2001] and Apel et al. [2002] . This might be caused by a continuous (i.e. anthropogenic sources identified in section 3.1.3) MVK source which superimposed onto the daytime levels of isoprene photochemical products. Assuming that the wind speed was 2.5 m s À1 at the site (Guo et al., submitted manuscript, 2012) , and the average distance between the center of the emitting trees and the sampling site was 5 km, the air parcel from upwind locations i.e. the mountain foot at a local scale and/or inland PRD at a regional scale would spend about 0.56-1.6 hours to arrive at the sampling site. This is enough time to significantly impact the daytime ratio because the lifetimes of MAC and MVK by OH loss are 1.0 and 1.9 hours, respectively, assuming daytime OH = 8 Â 10 6 molecules cm À3 . Isoprene transport time, i.e. the time between emission and measurement of isoprene, were estimated by comparing the measured ratios with the derived trend line. The isoprene transport time was between 10 and 64 min with an average value around 30 min. The result in this study is consistent with that ($40 min) of Stroud et al. [2001] in which the sampling site was $200 m away from large forests, and different from the finding ($6 min) of Apel et al. [2002] in Figure 9 . Plot of the measured MVK/isoprene versus MAC/isoprene ratios and the calculated ratio based on a consecutive reaction scheme model. which the air was sampled above a strongly-emitting canopy. The differences in isoprene transport time among the studies were mainly caused by the OH mixing ratio which can vary spatially and temporarily, and by the proximity to the isoprene source. For instance, the average isoprene transport time will be significantly increased to 80 min when the daytime OH level is 3 Â 10 6 molecules cm À3 . In contrast, it will be decreased to about 15 min while the OH concentration is 16 Â 10 6 molecules cm À3 . In this study, the sampling site was about 5 km away from the center of the large forests and 15 km distance from the nearest city in inland PRD. Also, mixing was not taken into consideration when the predicted line was estimated. It is noteworthy that due to the short transport time, isoprene in the regionally transported air should be completely consumed before arriving at the sampling site, and the isoprene mixing ratio was dominated by nearby "non-local" emissions.
Contribution of Isoprene to Ozone Production
[30] It is well known that isoprene oxidation will eventually contribute to the ozone production in the atmosphere. Based on the isoprene oxidation mechanism, Biesenthal et al. [1997] found that if the number 5.0 is divided by the slope of a regression of total O 3 versus MVK mixing ratio, the fraction of the total O 3 production resulting from isoprene oxidation by OH can be obtained. It is assumed that MVK is rapidly produced. It is also noteworthy that this estimation is only valid under conditions where the isoprene oxidation rate is much faster than the MVK oxidation rate , which is the case for this study as the estimated isoprene photochemical age (transport time) was 30 min and the MVK lifetime was 1.9 hours. In this study, we treated the total mixing ratio of O 3 + NO 2 as total O 3 , and we used the slope of [O 3 + NO 2 ] versus [MVK] for daytime data of 40.1 ppbv ppbv À1 (data not shown here). Hence, 5.0/40.1 equals 0.125, i.e. 12.5% of the ozone production resulted from OH reaction with isoprene. This is in accord with the simulation results (10-11%) of an observation-based model using the same dataset. The detailed discussion of the modeling results was given in Z. H. Ling et al. (Contribution of biogenic volatile organic compounds to photochemical ozone formation: Application of an observation based model, manuscript in preparation, 2012). It is noteworthy that any destruction of MVK by OH radicals would increase the slope of the [O 3 + NO 2 ] -MVK regression, and subsequently decreased the calculated fraction contribution to ozone production by isoprene. Furthermore, this estimation did not consider the additional contribution to ozone formation by isoprene's oxidation products i.e. MVK and MAC.
Summary and Conclusions
[31] In this study, isoprene and its photochemical products MAC and MVK were monitored on 20 selected days during a 3-month comprehensive field measurement campaign at a mountain site in Hong Kong. In total, 201 hourly samples were collected. The isoprene mixing ratios were lower than most previous studies, most likely due to the fact that lower temperature played a more important role in reducing isoprene emissions at this subtropical mountain summit site. The average isoprene level on non-ozone episode days was two times that on ozone episode days (p < 0.01), whereas MVK showed the opposite trend, reflecting the fact that isoprene emissions were lower and transport of MVK from anthropogenic sources to the mountain site increased MVK levels on O 3 episode days. The higher daytime MVK/MAC ratio was mainly caused by the different reactivity of MVK and MAC with oxidant radicals and secondarily by anthropogenic MVK sources, whereas the greater nighttime MVK/ MAC ratio was attributed to NO 3 chemistry and regional transport of anthropogenic MVK sources. Additionally, the nighttime MVK and MAC levels remained high, implying that anthropogenic sources such as vehicular emissions and industrial emissions in inland PRD region might be responsible.
[32] Analysis of the ratios of MVK and MAC to isoprene indicated that the photochemical age of measured isoprene (i.e. 10-64 min) was consistent with the photochemical lifetime of isoprene (t = 20 min at [OH] = 8 Â 10 6 molecules cm À3 ). Thus, most air masses containing isoprene that reached the sampling point had sufficient time to completely react with OH, yielding higher ratios of MVK and MAC to isoprene. Further investigation on the relationship between MAC and MVK found that isoprene oxidation dominated the daytime MVK to MAC ratio whereas the regional transport of anthropogenic sources determined the nighttime MVK/MAC ratios.
[33] Based on the isoprene oxidation mechanism, using the slope of [O 3 + NO 2 ] versus [MVK] for daytime data, we found that about 12.5% of the ozone production in this study resulted from OH reaction with isoprene. This was confirmed by the model simulation of an observation-based model, which estimated that 10-11% of the ozone production was due to the OH reaction with isoprene.
[34] Overall, isoprene oxidation in this subtropical ecosystem is consistent with our basic understanding of that from other ecosystems, but there is a clear additional contribution to MVK and MAC levels at this site caused by air masses enriched in MVK and MAC arriving from upwind continental regions.
